The refractive-index nonlinearities of intersubband transitions in GaN/AlN quantum-well waveguides are investigated. A large spectral broadening of TM-polarized near-infrared pulses is observed after propagation through these devices due to intersubband self-phase modulation. From the measured data, a nonlinear refractive index n 2 of 1.8ϫ 10 −12 cm 2 / W is estimated at the operating wavelength of 1550 nm. A detailed theoretical model of the intersubband refractive index as a function of wavelength and optical intensity is then presented. This model assumes an inhomogeneously broadened transition line and is based on experimentally determined material and device parameters. The results of this study are finally used to discuss the prospects of nitride quantum wells for all-optical switching via cross-phase modulation.
I. INTRODUCTION
Intersubband ͑ISB͒ transitions in GaN/Al͑Ga͒N quantum wells ͑QWs͒ have been the subject of extensive research efforts for the past several years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] These heterostructures are characterized by very large conduction-band offsets ͑up to about 1.75 eV͒ allowing for ISB transitions at record short wavelengths in the near-infrared spectral region. At the same time, they feature especially fast ISB relaxation lifetimes ͑a few hundred femtoseconds͒ due to the highly polar nature of ͑Al͒͑Ga͒N. These properties are ideally well suited to the development of ultrafast all-optical modulators and switches operating at fiber-optic communication wavelengths. These devices in turn are expected to play a key role in nextgeneration optical communication networks to enable the implementation of basic signal processing functions directly in the optical domain at data rates of several hundred gigabit/s. Other wide-conduction-band-offset material systems currently being investigated for similar applications include InGaAs/AlAsSb ͑Ref. 18͒ and ͑CdS/ZnSe͒/BeTe ͑Ref. 19͒ QWs.
In recent years, following extensive ISB absorption spectroscopy studies, 1-8 several basic device functionalities have been demonstrated with ISB transitions in GaN/ Al͑Ga͒N QWs including photodetection, 9, 10 electroabsorption modulation, 11, 12 second harmonic generation, 13 and optically pumped light emission.
14 All-optical switching via ISB cross-absorption saturation in ridge-waveguide devices has also been demonstrated, 15, 17 with the expected ultrafast recovery lifetimes. At the same time, control-pulse switching energies on the order of tens of picojoules have been reported, with a lowest value of 38 pJ for a 10 dB signal modulation depth obtained with an optimized waveguide structure. 17 These results strongly validate the promise of ISB cross-absorption saturation in nitride QWs for the development of ultrafast switching devices. An alternative approach to all-optical switching, with important potential advantages in terms of on-state losses, modulation depth, and noise-reduction regenerative capabilities, 20 is cross-phase modulation. In this case the control pulses are used to induce an ultrafast refractive-index change through a Kerr nonlinearity. The resulting phase modulation of the input signal is then converted into an amplitude modulation with an interferometric arrangement.
In general, ISB transitions can provide a large nonlinear refractive index with ultrafast response lifetime if the operating wavelength is properly detuned from the absorption peak. 21 In this paper we present an extensive investigation of this refractive-index nonlinearity in GaN/AlN QW waveguides designed for operation at fiber-optic communication wavelengths. In particular, in Sec. II we report the experimental demonstration of ISB self-phase modulation ͑SPM͒ in these devices, leading to a substantial spectral broadening of ultrafast near-infrared pulses. From the measured broadening, a nonlinear refractive index n 2 of 1.8 ϫ 10 −12 cm 2 / W is estimated at the operating wavelength of 1550 nm. In Sec. III we then present a detailed theoretical model of the ISB refractive index of these devices as a function of wavelength and optical intensity. This model assumes an inhomogeneously broadened transition line and is almost entirely based on experimentally determined material and device parameters. Finally, in Sec. IV the results of this analysis are used to discuss the prospects of GaN/AlN QW waveguides for ultrafast all-optical switching via cross-phase modulation.
II. EXPERIMENTAL RESULTS
The QW material used in this work was grown by rf plasma-assisted molecular beam epitaxy on c-plane sapphire and consists of a 1.5-m-thick AlN lower cladding layer, 30 repetitions of identical GaN/AlN QWs, and a 0.6-m-thick GaN cap layer. The well and barrier layers have a thickness of 18 and 40 Å, respectively, selected so as to yield an energy separation between the lowest two conduction subbands in the 1.55 m fiber-optic transmission window. A selfconsistent Poisson-Schrödinger equation solver including the intrinsic electric fields of nitride heterostructures was used to design the QWs. The material ISB absorption spectrum was measured via Fourier transform infrared spectroscopy, using a sample that was mirror polished on the substrate side and lapped at 45°on two opposite facets to create a multipass wedge geometry. In particular, given the sample length of about 6 mm and thickness of 300 m, the estimated number of passes through the active region is 20. As shown in the inset of Fig. 1 , the measured absorbance spectrum is centered at a photon energy h 0 of 785 meV ͑1.58 m͒ and has full width at half maximum ͑FWHM͒ h FWHM of 104 meV. Its peak value is 0.26, which corresponds to an ISB absorption coefficient of approximately 3.4ϫ 10 3 cm −1 as estimated using the procedure described in Ref. 22 .
Ridge waveguides of different widths ͑etched through the entire thickness of the GaN cap͒ were fabricated with this material by photolithography and inductively coupled plasma reactive ion etching. In the resulting devices, the guided modes are confined in the higher-index GaN upper layer and overlap with the QW active region through their evanescent tail into the lower cladding. The thickness of the cap layer was selected to produce a fundamental guided mode with a narrow field profile peaked near the QWs, and correspondingly to maximize its overlap factor ⌫ with the QWs. At the same time, the fundamental mode has negligibly small amplitude near the sapphire/AlN interface, where a large density of material structural defects exists, which can cause large optical propagation losses. Bars containing several waveguides were then separated after scribing through the backside. Finally, the waveguide facets were carefully polished with fine diamond films to improve their optical quality, since a certain degree of roughness is sometimes created during bar separation due to the lack of common cleavage planes between c-plane sapphire and nitride epitaxial films. In the following, representative data measured with a 1-mm-long 3-m-wide device are presented.
A detailed study of the transmission losses of these waveguides was carried out in Ref. 16 and is summarized in this paragraph as it provides some of the parameter values used in the theoretical model of Sec. III. The input and output coupling efficiency C and the nonsaturable propagation loss coefficient ␣ WG near 1.55 m were measured via the cutback method, using waveguides with the same ridge structure just described but with thinner QWs providing negligible ISB absorption in this wavelength range. Values of C = 0.25 per facet and ␣ WG =2͑4͒dB/ mm for TE ͑TM͒ polarized light were determined with this procedure, using tapered fibers ͑polarization maintaining on the input side͒ to couple the light in and out of the waveguides. Incidentally, the measured 2 dB/mm excess TM losses may be attributed to charged edge dislocations parallel to the growth axis, which can effectively act as a wire-grid polarizer strongly suppressing TM light. 15 Waveguides based on the aforementioned ͑18 Å͒GaN/ ͑40 Å͒AlN QWs were then found to exhibit an additional saturable loss contribution in the 1.55 m range for TM light only, which is ascribed to ISB absorption according to the polarization selection rules of ISB transitions in QWs. These saturable losses were studied using a passively mode-locked fiber laser with 20 MHz repetition rate, 1550 nm center wavelength, and 240 fs pulse width ͑as measured by autocorrelation after an identical fiber span͒. Exemplary data of overall TM transmittance versus in-fiber input pulse energy are shown in Fig. 1 ͑dotted curve͒. The fiberto-fiber waveguide transmission losses at low input pulse energies in this case add up to about 40 dB. Accounting for the previously determined 4 dB/mm nonsaturable TM propagation losses and 12 dB ͑i.e., 0.25ϫ 0.25͒ total coupling losses, this corresponds to an unsaturated ISB absorption loss coefficient ⌫␣ ISB unsat of 24 dB/mm. A large nonlinear saturation of the waveguide transmission losses is then clearly seen in Fig. 1 as the input pulse energy is increased, which can be exploited for all-optical switching via cross-absorption saturation. The solid line is a theoretical fit used to extract the ISB saturation intensity, as described in Sec. III.
Absorption saturation in these devices is accompanied by an ultrafast refractive-index modulation related to the same ISB carrier dynamics. Specifically, as electrons in the QWs are optically excited from the first to the second conduction subbands ͑at a rate proportional to the instantaneous intensity propagating in the waveguide͒, their contribution to the refractive index is temporarily bleached. As a result, a sufficiently intense pulse propagating through the waveguide can experience SPM, i.e., a time-dependent change in its optical phase directly proportional to its intensity waveform. This phenomenon in turn leads to the creation of new optical frequency components ͑i.e., spectral broadening͒, whose mutual interference typically leads to the appearance of characteristic oscillatory features in the pulse spectrum. 23 This behavior has been clearly observed in the GaN/AlN QW waveguides studied in this work. To illustrate, in Fig. 2 we plot the optical spectra of TM-and TE-polarized pulses measured after transmission through a 1-mm-long 3-m-wide waveguide for different values of the in-fiber input pulse energy. All spectra have been normalized to unit peak value to more clearly display differences in their line shape. A particularly short ͑1 m͒ polarization-maintaining tapered fiber was used in these measurements between the mode-locked fiber laser and the waveguide in order to minimize the amount of temporal broadening and SPM experienced by the optical pulses in the fiber itself. The input pulse energy was varied by carefully moving the input tapered fiber away from the waveguide facet, so as to decrease the light intensity coupled into the device without changing the laser pumping conditions and hence the pulse intensity and waveform in the input fiber span. Similarly, the light polarization was changed by rotating the input fiber, i.e., without affecting the pulse path before the waveguide. The temporal width of the pulses launched onto the input facet is in this case 230 fs, again measured with a two-photon-absorption autocorrelation system after an identical fiber span. As shown in Fig. 2͑a͒ , if the pulses are TM polarized so that they can couple to ISB transitions, they experience a large spectral broadening with increasing input power, which is attributed to the ISB refractive-index ͑and hence phase͒ modulation induced by the pulses themselves. In the lowpower regime, the measured root-mean-square ͑rms͒ spectral width at the waveguide output is about 4 nm, roughly the same as that of the incident pulses. At pulse energies large enough to bleach the ISB transitions in the active layer, on the other hand, significantly broader output spectra are measured. At the same time, essentially no change in spectral shape with varying input power is observed with TE polarized light ͓Fig. 2͑b͔͒, which confirms the ISB origin of this nonlinear optical process. Regarding the detailed shapes of the TM spectra, they are presumably determined by the interplay between dispersion and nonlinear refraction in the waveguide, which is complicated by the strong wavelength dependence of the nonlinear index itself and by the fiberinduced chirp of the input pulses. Similarly, the shape differences between TE and TM spectra at low input powers are attributed to the different index dispersions experienced by the two polarizations in the device.
An estimate of the underlying nonlinear index n 2 can be obtained by noting that in the presence of SPM the rms spectral width is theoretically expected to double when 23, 24 2 ⌫n 2 ͗I max ͘L = 1.97. ͑1͒
In this equation ͑which applies to the ideal case of unchirped Gaussian pulses in dispersionless nonlinear media͒, ⌫ is the overlap factor with the nonlinear medium, is the center wavelength of the pulse spectrum, and L is the waveguide length. Finally ͗I max ͘ is the pulse peak intensity averaged over L, which can be related to the in-fiber input pulse energy approximately as follows:
where ␣ tot is the total propagation loss coefficient, C is the input coupling efficiency, A eff is the modal effective area, and p is the pulse width. In the present case we have L = 1 mm, = 1550 nm, C = 0.25, and p = 230 fs, as already discussed. A eff and ⌫ are estimated to be 1.8 m 2 and 5.3%, respectively, via a three-dimensional mode calculation based on the beam propagation method. The in-fiber input pulse energy E p required to produce a factor-of-two rms spectral broadening is inferred from Fig. 3 , where we plot the rms width of the measured TM spectra ͑normalized to its lowpower value͒ versus in-fiber input pulse energy. A value of E p Ϸ 203 pJ is estimated from these data. Finally, the value of ␣ tot corresponding to this input pulse energy is obtained from the transmittance data of Fig. 1 ͑subtracting the 12 dB coupling-loss contribution͒. The result is ␣ tot Ϸ 9 dB/ mm. The nonlinear index n 2 of the QW active layer at 1550 nm is then obtained from Eqs. ͑1͒ and ͑2͒ using all the parameter values just described, giving an estimate of 1.8 ϫ 10 −12 cm 2 / W. This value is in very good agreement with the results of a more detailed theoretical model described in the next section. At the same time, it is significantly larger than the value of 2 ϫ 10 −13 cm 2 / W reported in the only previous direct measurement of n 2 in nitride QWs, where an unprocessed sample probed in a single-pass configuration was used. 3 Possible reasons for this large difference include a narrower ISB absorption linewidth in our sample, a better match between the excitation wavelength and that of maximum ISB nonlinear refraction, as well as the use of a waveguide geometry in our measurement.
III. THEORETICAL MODEL
To further investigate the ISB nonlinearities of these QW devices, we have developed a theoretical model where we first compute the ISB absorption spectrum as a function of optical intensity ͑based on the measurement results of the previous section͒, and then derive the associated refractive index via Kramers-Kronig transformations. Nitride QWs typically exhibit large ISB absorption linewidths mainly ascribed to thickness fluctuations. [1] [2] [3] [4] [5] [6] Therefore, in this model we consider an inhomogeneously broadened ensemble of ISB transitions of center frequency governed by a Gaussian probability distribution of spectral width ,
The overall ISB absorption coefficient is then written as
where
is the homogeneously broadened line shape function of the ISB transitions with center frequency . In the present QW material, the average transition energy h 0 is equal to 785 meV, as determined from the measured ISB absorption spectrum shown in the inset of Fig. 1 . The FWHM h⌬ of the homogeneously broadened line shape function is taken to be 40 meV, based on a recent experimental report where such relatively large value was attributed to dephasing via electron-electron scattering. 6 The spectral width of the Gaussian distribution function describing the inhomogeneous broadening is then selected so that the overall FWHM of the absorption spectrum of Eq. ͑4͒ is equal to the measured value of 104 meV ͑again as determined from the inset of Fig. 1͒ . The remaining two parameters required to evaluate Eq. ͑4͒ are the absorption strength ␣ 0 and the saturation intensity I sat of the homogeneous line. These are determined from the waveguide transmittance data of Fig. 1 , in conjunction with the following differential equation describing propagation of TM light in the same waveguide,
This equation together with the initial condition I͑0͒ = ͑CE p ͒ / ͑ p A eff ͒ can be used to calculate the waveguide transmittance C 2 I͑L͒ / I͑0͒ at the experimental wavelength = c / of 1550 nm, as a function of in-fiber input pulse energy E p . All required parameters are known ͑as discussed in the preceding paragraphs͒ except for ␣ 0 and I sat , which are then inferred by fitting the measured data of Fig. 1 to the calculated transmittance versus pulse energy. The best fit, given by the solid curve of Fig. 1 , is obtained for ␣ 0 = 2.2 ϫ 10 3 cm −1 and I sat = 3.9 W / m 2 . Incidentally, this estimate for the ISB saturation intensity happens to be the same as the theoretical value reported in Ref. 26 , which was computed using a self-consistent Poisson, Schrödinger, and rate equation solver.
In Fig. 4͑a͒ we plot several calculated ISB absorption spectra for different values of the optical intensity inside the waveguide. The peak absorption coefficient in the fully unsaturated regime is 1.1ϫ 10 3 cm −1 , which is reasonably close to the estimate of 3.4ϫ 10 3 cm −1 obtained from the absorbance data of Fig. 1 ͑with the difference mainly attributed to epitaxial variations along the wafer area and to uncertainties in the above estimate͒. The expected saturation behavior is clearly shown in this figure. In particular, a factor of 2 decrease in peak value is obtained in the presence of about 6.4 W / m 2 of propagating light, somewhat larger than I sat because of the inhomogeneous nature of the transition broadening. It should be noted that the traces in this figure describe a situation where the absorption is both saturated and probed by the same wave at each photon energy ͑i.e., self-absorption saturation͒, which incidentally explains why no signs of spectral hole burning are observed. The associated contributions to the refractive index ͑n ISB ͒, computed via Kramers-Kronig transformations for each value of the optical intensity, are plotted in Fig. 4͑b͒ . As expected for a two-level system with a symmetric absorption line shape, both n ISB and its intensity dependence exhibit a strong dispersion across the absorption bandwidth. In particular, the ISB refractive index is constant with intensity and equal to zero at the photon energy of peak absorption; vice versa, its absolute value and intensity dependence are largest near the half-width points in both directions. Such large dispersion and complex intensity dependence imply that a description of ISB nonlinear refraction in terms of a constant nonlinear index n 2 is in general not appropriate. For the purpose of comparing this model with the results of Sec. II, we have however computed n 2 as a function of photon energy from the derivative ‫ץ‬n ISB / ‫ץ‬I in the limit of zero intensity ͓based on the Taylor-series expansion n ISB ͑I͒ = n ISB ͑I =0͒ + n 2 I͔. The result is plotted in Fig. 5 . At the photon energy of 800 meV used in our measurements ͑i.e., for = 1550 nm͒, this calculated nonlinear index is equal to 2.5ϫ 10 −12 cm 2 / W, in very good agreement with the value of 1.8ϫ 10 −12 cm 2 / W inferred from the data of Fig. 3 using Eq. ͑1͒. In any case, it is important to emphasize that both estimates involve a number of approximations, most notably in Eq. ͑1͒ the neglect of the nonlinear-medium dispersion and of the input pulse chirp, and in Fig. 5 the assumption of a linear relation between n ISB and I. Thus, in general the full model for n ISB ͑ , I͒ described in this section-rather than the resulting estimate for n 2 -should be used in the study of any nonlinear optical process related to ISB refractive-index saturation.
IV. CONCLUSIONS
The results plotted in Fig. 4͑b͒ indicate that large refractive-index changes are induced in nitride QWs in the presence of optical pulses with peak intensities of a few tens of W / m 2 . Based on Eq. ͑2͒, under the experimental conditions used in this work such intensity levels can be produced throughout the waveguide with in-fiber input pulse energies of a few hundred picojoules ͑consistent with the data of Fig.  3͒ . While such values are already experimentally accessible, a substantial reduction in the switching energy-by at least an order of magnitude-will likely be required before practical all-optical modulators and switches based on this nonlinearity can be developed. In this regard it is important to point out that several parameters of the present devices have large margins of improvement to further optimize the nonlinear response.
For instance, the input coupling efficiency C can be increased with the use of antireflection coatings and/or coupling optics providing a better match to the waveguide fundamental mode. Based on previously reported results with similar waveguides, 15, 27 a factor of at least 2 improvement in C can be readily achieved, leading to a decrease in the required in-fiber control-pulse switching energy by the same amount. A similar improvement can be obtained using QWs providing ISB transitions at slightly longer wavelengths so that the effective nonlinear index is peaked at the desired operation wavelength of 1550 nm ͑cf. Fig. 5͒ . The QW structural quality can also be further improved so as to decrease the absorption linewidth and correspondingly increase the ISB absorption and index nonlinearities. The present state of the art for near-infrared ISB transitions in GaN/AlN QWs is a Lorentzian ͑i.e., homogeneously broadened͒ absorption line with FWHM of 40 meV. 6 For such QWs, a maximum nonlinear index n 2 of 19.6ϫ 10 −12 cm 2 / W is computed using the model of the previous section, as opposed to 4.4 ϫ 10 −12 cm 2 / W in Fig. 5 . The QW doping level ͑which affects the absorption strength ␣ 0 ͒ and the waveguide length L are two other adjustable parameters that can be used to optimize the tradeoff between transmission losses and nonlinear response. Finally, the homogeneous saturation intensity I sat can also be decreased using more complex bandgapengineered systems such as coupled QWs, 26, 28 which incidentally have been recently demonstrated with nitride semiconductors. 7, 8 For example, the simulations presented in Ref. 26 suggest that a 30 times decrease in I sat can be obtained in these structures. With various combinations of these prescriptions, nitride QW waveguides are therefore promising for all-optical switching via cross-phase modulation with control-pulse energies of order 10 pJ and simultaneously ultrafast response times. 
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